A recently reported metastable phase of NbN with a superconducting T c =16.4 K is characterized using full potential electronic structure methods. This new phase, which has Pm3m (cubic) symmetry, can be described as the B1 (rocksalt) structure with 25% ordered vacancies on each sublattice. We compare the equation of state and electronic spectrum of this Pm3m phase with its rocksalt counterpart 1] and with Nb 4 N 3 in the I4/mmm (tetragonal) phase, which allows the characterization of N vacancies without accompanying Nb vacancies. For Pm3m NbN, the calculated lattice constant is 5% smaller than reported and the energy is 1.00 eV/molecule higher than B1 NbN, suggesting that the newly reported phase is something other than a stoichiometric Pm3m phase of NbN. We report on the energy surface for tetragonal distortions of this phase, from which we evaluate its structural stability and obtain Poisson's ratio.
INTRODUCTION
A notable feature of niobium nitrides is their propensity to stabilize in structures with varying degrees of stoichiometry and vacancy concentrations, which results in a broad spectrum of physico-chemical properties. Depending upon stoichiometry, NbN phases range from insulating to superconducting with an upper limit T c of 17.3 K 2, 3, 4] . It was the recent report of a new metastable superconducting phase that motivated us to investigate the electronic properties and structural stability of ordered vacancy NbN structures. In this work we address three superconducting phases of NbN using rst principles density functional techniques: (1) the rocksalt structure (space group Fm 3m), (2) the tetragonally distorted rocksalt structure obtained when one-quarter of the N is removed, denoted by Nb 4 N 3 and (3) Nb 3 N 3 , the rocksalt structure obtained when one-quarter of the Nb and N are removed. These phases will be referred to as Nb 4 N 4 , Nb 4 N 3 , and Nb 3 N 3 , respectively.
The new phase of NbN, which prompted this work, was reported as thin lms synthesized on MgO (100) substrates using pulsed laser deposition 3]. According to x-ray di raction studies, its structure may be regarded as the rocksalt structure with 25% ordered vacancies on both the metal and metalloid sublattices. Thus, each atomic site is four-fold planar coordinated with atoms of the opposite type and the vacancy sites are six-fold coordinated with atoms of one type. The structure may be envisaged as nonpenetrating Nb octahedra and nonpenetrating N octahedra, both centered at vacancy sites. The space group is Pm3m. Nb 3 N 3 reportedly has a superconducting T c of 16.4 K and a lattice parameter of 4.442 A, which are both comparable to the experimental values of 16 K and 4.378 A for Nb 4 N 4 .
Also considered in this study is a tetragonal distortion of the rocksalt structure with 25% ordered vacancies on the metalloid sites. This allows for the characterization of N vacancies without accompanying Nb vacancies. Thin lms of Nb 4 N 3 vapor-deposited on MgO (100) substrates have a superconducting T c near 11.5 K 2] . The space group is I4/mmm. The experimental lattice parameters are a=4.382 A, c=2*4.316 A, the internal parameter is z Nb = 0.2521 c, and the primitive cell has four Nb and three N 5] .
In this phase, there are two distinct Nb and N atom types. Nb(1) is four-fold coordinated with N, while Nb(2) is ve-fold coordinated with N. The N atoms, which are all six-fold coordinated with Nb, di er depending on which type of Nb it maintains the highest coordination with. Hence, N(1) will refer to the N which is four-fold coordinated with Nb(2) and two-fold coordinated with Nb (1) . N(2) is four-fold coordinated with Nb(1) and two-fold coordinated with Nb(2).
THEORETICAL RESULTS
The bulk of this work is based on density functional theory using the method of linear combination of atomic orbitals (LCAO). The details of this approach, which are described elsewhere 6], invoke the Perdew-Zunger-exchange-correlation potential 7] within a localdensity approximation (LDA). Depending upon the phase, between 15 and 20 special k points in the irreducible Brillouin zone are used to obtain the self-consistent band structure of the three phases. For the density of states (DOS) calculations, the Hamiltonian was diagonalized at a minimum of 104 k points in the irreducible zone, interpolated to a denser grid using a Fourier spline method 8], and integrated with the linear tetrahedron method 9]. The basis functions were expanded in a set of 17 Gaussian exponents contracted into seven s-type, ve p-type, and four d-type functions for Nb, and 12 exponents contracted into four s-type and three p-type functions for N.
The other method adopted in this work is the full potential linearized augmented plane wave method (LAPW) 10, 11] . The Vosko-Wilk-Nusair 12] parametrization of the exchangecorrelation energy and potential was used within the local density approximation. For these calculations sphere radii for the Nb and Nb vacancies are R Nb =2.30 a.u. and for the N and N vacancies, R N =1.55 a.u. The basis set cuto was de ned by R N K max =7.0, which translates to R Nb K max =10.4. The basis set size ranged from 760 LAPWs for the smallest volume to 1080 LAPWs for the largest volumes. The Nb 3p semicore states were treated in the same window for additional accuracy that might be necessary at the smaller volumes considered, and additional local functions were used for the Nb 3p and 4d states and for the N 2s states. Twenty special k points were used in all calculations.
The self-consistent band structure, DOS, and Mulliken populations 13] for all phases were computed with the LCAO method. For the total energy calculations, LAPW was used for Nb 4 N 4 , Nb 3 N 3 , and tetragonal strains of Nb 3 N 3 , while LCAO was used for Nb 4 N 3 .
Band Structure and DOS In Fig. 1 , the band structure and DOS are shown for the three phases. We observe the following behavior in the band structure and DOS: for the Nb 4 N 4 structure in Figs.1(a) and (b), Mulliken population analysis indicates minimal mixing of orbital types in the valence and conduction states in the band structure. The N p states comprise the manifold of bands 6 eV below E F (the energy zero). The bands with Nb d character, which rst appear near -5 eV, dominate the energies near E F and above. The onset of the Nb p manifold lies above the Nb d near 6 eV. The DOS re ects this behavior with two distinct peaks. The rst peak centered near -6 eV is comprised mostly of N p states with some admixture of Nb d This is manifest in the Nb p and d orbitals. Those orbitals directed toward nearest neighbor N vacancies retain more charge than those directed toward nearest neighbor N. For example, charge on the various Nb p orbitals is comparable in Nb 4 N 3 , but p orbitals on Nb(1) that are directed toward vacancy sites retain more charge. They give rise to the occupied band with Nb p character which occurs near -0.75 eV between the high symmetry points M and R, previously discussed. To illustrate this point further, a contour plot of the di erence between the self-consistent charge density and the superposition of atomic charge densities in Nb 3 N 3 is shown in Fig. 2(a) . The Nb-rich plane, which is shown, is the plane with Nb atoms twofold planar coordinated with N atoms. Charge transfer is greatest between the Nb p and d orbitals that are directed toward N atoms. Fig. 2(b) shows the charge density di erence between the self-consistent charge density of Nb 4 N 4 and that of Nb 4 N 3 , both computed with the lattice parameters of the Nb 4 N 3 phase.
Equations of State
In Table I , the results of the total energy calculations are summarized. The numbers in 3 , we obtain a lattice parameter in the a-direction of 4.316 A, which is 1.5% smaller than experiment. In the c-direction, the lattice parameter is 4.358 A, which is 1% larger than experiment. Consequently the theoretical c=a ratio is 1.010, somewhat larger than the experimental value of 0.985. To arrive at these calculated values, the cell volume, V , and c=a ratio were varied independently over a range of values within 8% of experiment (the single internal parameter was not optimized). At each volume, the optimal c=a and corresponding E(V ) were determined by tting the total energy to a third-order polynomial in c=a; the resulting values of E(V ) were then t to a Birch equation of state. The most sizeable disparity between the theoretical and experimental lattice constants (4.214 A and 4.442 A respectively) is found in Nb 3 N 3 . We also nd that the energy of Nb 3 N 3 is 1.0 eV per NbN unit higher than in the Nb 4 N 4 phase. These equation of state results are not compatible with the identi cation of the reported Nb 3 N 3 structure.
Although the calculated lattice parameter for Nb 3 N 3 is a good lattice match with the MgO substrate (4.21 to 4.24 A), the equation of state calculations 1,16] do not establish the stability of the solid against symmetry lowering strains. We investigate a possible tetragonal instability of the Pm3m structure. For twenty-one distinct tetragonal structures, with 7.76 a 8.21 a.u. (b=a) and 7.60 c 8.40 a.u., the energies were computed and t to a fourth order polynomial in a and c. The maximum deviation of the t was 0.093 mRy per NbN unit. The minimum occurred for a cubic structure with a o =c o =4.203 A, consistent with the cubic equation of state described above. The quadratic terms in the t give the tetragonal shear modulus C 11 -C 12 =2.48 MBar and bulk modulus B=(C 11 +2C 12 )/3=2.97 MBar. Our t to the energy surface gives a Poisson ratio P =0.32, very close to the ideal value of 1/3 for an isotropic solid. We nd no secondary minimum in the energy surface. Hence the tetragonal strains only serve to increase the energy.
CONCLUSION
In summary, while we were able to methodically study the e ects of ordered vacancies on the metalloid and on the metal/metalloid sublattices in the Nb-N system, our local density calculations do not support the existence of the Nb 3 N 3 phase. We nd that (1) Nb 3 N 3 is 1.0 eV/NbN higher than Nb 4 N 4 and (2) the lattice parameter is 5% larger than reported. Independent rst principles calculations con rm these ndings 16] . A tetragonal distortion of the Pm3m phase, which may complicate interpretation of the x-ray di raction data, does not rectify the discrepancies between the reported calculations and experiment.
